Proteolytic cleavage of the structural proteins is an important part of the maturation process for most bacteriophages and other viruses. In the double-stranded DNA bacteriophages this cleavage is associated with DNA packaging, capsid expansion, and scaffold removal. To understand the role of protein cleavage in the expansion of bacteriophages P2 and P4, we have experimentally cleaved P4 procapsids produced by overexpression of the capsid and scaffolding proteins. The cleavage leads to particle expansion and scaffold removal in vitro. The resulting expanded capsid has a thin-shelled structure similar, but not identical, to that of mature virions.
Introduction
Cleavage of structural proteins plays an important part in the assembly pathways of many viruses, including retroviruses, picornaviruses, and herpesviruses (Hellen and Wimmer, 1992; Hogle, 2002; Newcomb et al., 2000) . In the double-stranded (ds) DNA bacteriophages, cleavage is usually an integral part of the maturation process, occurring concomitantly with the removal of scaffolding proteins, DNA packaging, and accompanied by large-scale structural transitions in the capsid (Dokland, 2000) . In T4, for example, most of the structural proteins are cleaved by the T4 protease, itself a part of the scaffolding core (Laemmli et al., 1976; van Driel et al., 1980) , while in phage lambda, cleavage and fusion reactions are involved in the formation of the portal structure through which DNA enters and exits (Hendrix and Casjens, 1975) .
Bacteriophages P2 and P4 are two genetically unrelated dsDNA bacteriophages that are nevertheless constructed from the same structural proteins, encoded by P2 (Bertani and Six, 1988; Christie and Calendar, 1990; Lindqvist et al., 1993) . The normal P2 capsid contains 415 copies of gpNderived capsid protein, arranged with T ϭ 7 symmetry. The smaller P4 capsid has T ϭ 4 symmetry and contains of 235 copies of gpN-derived protein (Dokland et al., 1992) . The size of the capsid is determined by the P4-encoded external scaffolding protein Sid (Marvik et al., 1995) , in the presence of which small capsids are formed (Barrett et al., 1976) . Both P2 and P4 capsids contain a dodecameric ring-shaped connector made of protein gpQ at the portal vertex (Rishovd et al., 1994) .
During assembly of P2 and P4, an empty precursor capsid called the procapsid is formed initially. The procapsid contains mostly uncleaved gpN, as well as scaffolding proteins . At some point during assembly, the scaffolding is removed, the DNA is packaged through the portal vertex, and the capsids undergo striking conformational changes (Marvik et al., 1995) . This process is accompanied by cleavage of the structural proteins . The gpN capsid protein (40.2 kDa) is cleaved to the smaller protein species h1 (39.0 kDa), h2 (38.6 kDa), and N* (36.7 kDa) (Lengyel et al., 1973; Rishovd and Lindqvist, 1992) (Fig. 1) . The predominant from of gpN found in mature capsids of both P2 and P4 is N*, although P4 capsids also contain about 10% of h1 and h2 (Rishovd and Lindqvist, 1992) . In vivo, this cleavage is dependent on the presumed internal scaffolding protein gpO (31 kDa), which itself is cleaved to an amino-terminal 17-kDa fragment that remains inside the mature capsid (Lengyel et al., 1973; Rishovd et al., 1994) . However, it is not known whether gpO itself harbors protease activity or if the cleavage reaction is carried out by some other host protease. The 31.9-kDa gpQ protein also undergoes Nterminal cleavage during capsid maturation, leaving the 36.7-kDa cleavage product Q* (Rishovd et al., 1994) .
We recently developed methods for the production of P4 procapsids in vitro and in vivo (Dokland et al., 2002; Wang et al., 2000) . Using such recombinant procapsids, we show here that cleavage of the capsid protein triggers capsid expansion and scaffold removal in vitro. We have determined the three-dimensional structure of the expanded capsids by cryoelectron microscopy (EM) and three-dimensional reconstruction. Unlike procapsids, the expanded capsids have a thin-shelled structure similar to that of mature virions.
Results

Cleavage of P4 procapsids
Procapsids were produced by coexpression of gpN and Sid from the chimeric plasmid pLucky7 and purified on sucrose gradients as previously described (Dokland et al., 2002) . Such procapsids consist of a 420 Å diameter, T ϭ 4 capsid surrounded by an external scaffold made of 120 copies of Sid and are identical to capsids produced by combining purified gpN and Sid in vitro (Wang et al., 2000) .
Upon storage for about 2 months at 4°C, some of the procapsid samples were found to have undergone spontaneous proteolytic degradation of gpN. By SDS-PAGE an additional band was observed at about 36 kDa, consistent with the size of N* ( Fig. 2A) . Sid appeared to be unaffected. Presumably the cleavage of gpN had been caused by an unknown contaminating protease, as other samples stored in the same way were unaffected.
When the spontaneously cleaved samples were rerun on sucrose gradients, uncleaved gpN and Sid sedimented in the position expected for normal procapsids, while cleaved gpN was found predominantly in a more slowly sedimenting fraction (Fig. 2B) . The two fractions were analyzed by negative stain EM. As expected, the faster sedimenting fraction consisted mostly of capsids with the characteristic thick-shelled appearance of P4 procapsids (Fig. 2D) . The more slowly sedimenting fraction, however, contained mostly thin-shelled, larger particles of around 450 Å diameter (Fig. 2C ). Our interpretation of this result was that spontaneous cleavage of gpN had caused an expansion of the procapsids with associated loss of Sid.
Protease treatment
To see if this effect could be emulated experimentally, procapsids were subjected to treatment with trypsin at various concentrations, temperatures, and times. Trypsin treatment at a mass ratio of 1:400, corresponding to 0.36 BAEE enzyme units per milligram procapsids, for 24 h at 4°C, resulted in a cleavage pattern similar to that observed in the spontaneously cleaved material (Fig. 3A) . The main cleavage product was a doublet band at around 36 kDa, equivalent to the size of N*. Little cleavage was seen in Sid at this time point. At longer times (from 2 to 10 days), most of the cleaved gpN was present in the smaller of the two bands in the doublet, and more cleavage was seen in Sid as well (Fig.  3A) . Treatment with trypsin at a mass ratio of 1:50 (3.0 BAEE units per mg procapsids) for up to 2 h at 22°C yielded similar results (Fig. 3B) . By comparison, Sid in solution is completely degraded by trypsin at 1:50 mass ratio after 20 min at 22°C (S. Wang and T. Dokland, unpublished results) . Part of the Sid cleavage seen upon trypsin treatment of procapsids is probably due to the release of protease-sensitive Sid, while Sid bound to procapsids is at least partially protected against proteolysis.
Sucrose gradient purification of the trypsin-cleaved material resulted in a profile similar to that found previously for the spontaneously cleaved particles, i.e., a faster fraction containing uncleaved gpN and Sid and a slower fraction containing mainly cleaved gpN and no Sid (Fig. 4) . Negative stain EM (not shown) as well as cryo-EM (see below) confirmed that the Sid-containing band contained procapsids of normal appearance, while the band containing cleaved protein comprised mostly expanded, thin-shelled particles. 
Identification of the cleavage site
N-terminal protein sequencing of the major cleaved protein band revealed a range of N-termini starting from residue 30 (KFTVE) to 32 (TVEP) (Fig. 1) . While the first cleavage site (K͉KFTVE) corresponds to a predicted tryptic cleavage site, the smaller fragments may have resulted from further nonspecific cleavage, suggesting that the resulting N-terminus was not stable. The shortest form found was identical to the native maturation cleavage site between residues 31 and 32 ( Fig. 1 ) (Rishovd and Lindqvist, 1992) .
To determine whether other cleaved forms of gpN were also present, the total trypsin-treated procapsid sample was subjected to electrospray ionization time-of-flight (ESI-TOF) mass spectrometry. Apart from the full-length protein (measured as 40,260 Da), the predominant forms found were a 36,362-Da fragment and a 39,662-Da fragment, although some minor species were also seen. The larger 39,662-Da fragment was consistent with C-terminal cleavage between residue 350 and 351 (TPAK͉A), a predicted tryptic cleavage site. This cleavage product was probably too close in size to the uncleaved protein to be resolved by SDS-PAGE. The smaller 36.3-kDa species most likely corresponds to a protein doubly cleaved, with the N-terminus at residue 30 (KFTV) and the C-terminus at residue 350 (TPAK) (Fig. 1) . The N-terminal cleavage site identified by MS is thereby the same as the main site found by protein sequencing; however, no cleavage products starting at residue 31 or 32 were observed.
Cryo-EM and three-dimensional reconstruction of expanded particles
The material from the upper band of the sucrose gradient separated trypsin-cleaved particles was observed in a native, unstained state by cryo-EM (Adrian et al., 1984; Dubochet et al., 1988) . Although the particle concentration was relatively low, up to 20 -30 particles could be found in each negative. These particles were thin-shelled, about 450 Å in diameter and had a somewhat angular shape with a smooth outline (Fig. 5) . By comparison, normal procapsids are smaller, about 420 Å in diameter, and have a thick shell with a rough outline in cryo-EM (Dokland et al., 2002; Marvik et al., 1995; Wang et al., 2000) . The expanded particles did not constitute a completely homogeneous population. Sizes varied from 350 to 450Å, and a number of particles had an elongated or irregular shape (Fig. 5) . Since the cryo-EM technique does not introduce structural distortions in the specimen, this indicates that the expansion was incomplete or uneven over the surface of the particles. This may have resulted from incomplete or nonhomogeneous cleavage, as if not all the gpN molecules in an individual particle were cleaved, or could be related to the C-terminal cleavage, which is most likely nonnative. Nevertheless, a sufficient number of regularly shaped particles were found to carry out 3D reconstruction. A total of 316 particles with a regular shape was picked from 30 negatives.
Initially, we used the program EMAN (Ludtke et al., 1999) to generate a reconstruction from the 156 best expanded particle images to a resolution of 25 Å. Although this procedure yielded a reconstruction with T ϭ 4 symmetry, we were concerned that the number of particles used was insufficient for the EMAN classification algorithm. We therefore decided to use a more traditional approach with the common lines-based MRC/ICOS programs Fuller et al., 1996) . These programs are more forgiving of having small numbers of particles, probably due to the use of exact orientations and interpolation in the Fourier transforms (Crowther et al., 1970) .
In this case, we started with a smaller subset of 92 particles, picked from one negative. Preliminary orientations for these particles were generated using common-lines methods, resulting in a reconstruction with icosahedral symmetry and roughly the right shape, but extremely noisy and lacking obvious T ϭ 4 symmetry. This reconstruction was then used as a starting model for determining new orientations using the model-based polar Fourier transform (PFT) algorithm . The new orientations were then used to generate a new model and the cycle was repeated with an increasing number of particles. (Attempts at using the procapsid as a starting model failed, even after scaling to the right size for the expanded particle.) The final reconstruction was calculated to a resolution of 24 Å from the 247 best particles with a PFT correlation of better than 0.4. In the end, the reconstruction produced by this procedure was quite similar to that determined by EMAN, demonstrating the equality of these two fundamentally different reconstruction algorithms.
The Fourier shell correlation (FSC) between two reconstructions calculated to 24 Å resolution from two separate halves of the data dropped steeply at about 29 Å resolution, suggesting that this is the effective resolution limit of the data. Failure to reach higher resolution is probably mainly due to slight structural differences in the particles chosen for the reconstruction. The expanded particle structure had the expected T ϭ 4 symmetry with the capsid protein organized as hexamers and pentamers (Fig. 6 ). Unlike the procapsid structure, the expanded capsid had flattened, symmetric capsomers and a thinner shell, more closely resembling the structure of the mature virion (Dokland et al., 1992) . However, the mature virion appears to have a more distinctly angular shape than the expanded procapsid. It could be that although the shell had expanded it had not gone through the complete angularization process typical of mature virions. Thus, P4 capsid maturation might proceed through several steps, most likely involving the DNA and other proteins in vivo (see Discussion).
Discussion
Cleavage of gpN, as well as of gpO and gpQ, is part of the maturation process for both P2 and P4 during a normal infection. Cleavage of gpN and gpO in vivo has previously been shown to be codependent (Lengyel et al., 1973) . Protein cleavage, shell expansion, and DNA packaging are all associated with particle maturation, but it is not clear how these events are casually related.
In this study we have shown that capsid expansion and scaffold removal can be triggered in vitro by cleavage of gpN with trypsin in the absence of genome packaging or other structural proteins. Similar effects have been observed in other systems. In T4, capsid expansion was facilitated by prior cleavage (Laemmli et al., 1976; Steven et al., 1992) , although it could also be induced by treatment with 0.25 M GuHCI (Kocsis et al., 1997) . This shows that expansion is an energetically favorable reaction, limited by its ability to overcome an energy barrier. Spontaneous expansion of P4 procapsids in vitro is rarely seen in the absence of gpN cleavage. Thus, the role of gpN cleavage may be to destabilize the gpN-gpN interactions and make the particle more susceptible to expansion.
Although removal of the Sid scaffold occurs concomitantly with gpN cleavage, it is in itself unlikely to be the immediate trigger for capsid expansion, since previous results have shown that the Sid scaffold can be removed without particle expansion (Marvik et al., 1995) . Previous results suggested that Sid binds to the N-terminal part of gpN (Wang et al., 2000) . Thus, cleavage of this sequence would provide a simple mechanism for scaffold removal. On the other hand, the fact that some copies of h1/h2 remain in the P4 capsid (Rishovd and Lindqvist, 1992) has also suggested that Sid binding protects this epitope against cleavage. Our results show that Sid bound to capsids is somewhat protected against cleavage compared to Sid in solution. Thus, scaffold removal is most likely a result of gpN cleavage-associated structural changes. In principle, scaffold removal could be a direct result of the physical expansion of the shell, since the Sid protein would no longer be able to completely surround the larger, expanded shell.
The site of N-terminal cleavage after trypsin treatment was identical to, or within two residues of, the native cleavage site (Rishovd and Lindqvist, 1992) (Fig. 1) . However, an additional C-terminal cleavage site was also identified by mass spectrometry. This is probably an artifact of the trypsin treatment, although it is conceivable that C-terminal cleavage occurs in vivo as well. To address this question, the protein products generated during a real infection should be analyzed by mass spectrometry. Conversely, using an N mutant that removes this cleavage site would allow the trypsin-induced expansion to be analyzed in the absence of C-terminal cleavage.
The reconstruction of the expanded P4 particles showed a thin shell with symmetric, flattened capsomers similar to those of mature P4 capsids (Dokland et al., 1992) (Fig. 6) . However, there were some differences; in particular, the shells were not as angular as mature virions (Dokland et al., 1992) . The more rounded structure of the expanded capsid is somewhat reminiscent of "experimental intermediate III" (E-III) found during expansion of HK97 (Lata et al., 2000) . HK97 was found to undergo several distinct expansion intermediates, including angular and more rounded forms (Lata et al., 2000) . While it is unclear whether these intermediates play a role in capsid expansion in vivo, we wonder whether there could be multiple steps on the maturation pathway also in P4. However, we cannot exclude the possibility that aberrant C-terminal cleavage has led to the formation of an off-pathway byproduct and may also have been responsible for the shell heterogeneity observed in the micrographs. Further experiments in which this cleavage is blocked will be needed to address this issue.
Care must be taken in extrapolating these in vitro findings to the in vivo situation, where the expansion and cleavage processes are associated with DNA packaging. In (Wang et al., 2002) are shown for comparison. The cutoff level for the isosurface was chosen to correspond to the predicted mass of the particle. Contours in the sections are displayed at intervals of 1 SD.
T4 it was shown that DNA packaging had to be initiated prior to expansion of the capsid, and that expanded, yet empty, particles failed to mature into viable phage (Jardine and Coombs, 1998) . Although it is unknown whether cleavage occurs before packaging in vivo, it is possible that initial gpN cleavage is needed to enable rather than trigger the subsequent packaging and expansion steps. DNA packaging may be required to complete the expansion, perhaps through the application of pressure from the inside of the capsid. It is conceivable that the expansion and cleavage reactions act in a positive feedback loop, actively enhancing each other until both cleavage and expansion are competed. In vivo, the internal scaffolding protein gpO is also likely to be involved in these processes, as cleavage of gpO and gpN are interrelated events (Lengyel et al., 1973) . Even if gpO may itself not have protease activity, it might play a role in controlling the cleavage, e.g., to ensure that all copies of gpN are cleaved to completion. It should also be noted that the procapsids used in these experiments do not include gpQ and are thus unable to package DNA. It is an open question whether gpO might also play a more direct role in the capsid expansion and maturation processes. Further experiments are underway to assess the role of gpO and gpQ in the assembly and maturation pathway of P2 and P4 capsids.
Materials and methods
Production and purification of procapsids
Procapsids were produced by expression of the capsid and scaffolding proteins, gpN and Sid, from the chimeric plasmid pLucky7 in BLR (DE3) cells (Novagen) as described previously (Dokland et al., 2002) . The capsids were purified by two rounds of banding on 5-20% sucrose gradients in 100 mM Tris pH 8.0, 1 M NaCl, and 10 mM MgCl 2 for 2 h at 34,000 rpm in an SW41 rotor. The procapsid-containing band was concentrated by pelleting at 163,000g and resuspended in procapsid buffer containing 50 mM Tris pH 8.0, 50 mM NaCl, and 10 mM MgCl 2 .
Protease cleavage
Purified procapsids were incubated at 4°or 22°C for up to 10 days with porcine pancreatic trypsin (ICN Biomedicals) at mass ratios from 1:50 to 1:500, corresponding to 0.3 to 3.0 BAEE enzyme units per milligram procapsids, in 20 mM Tris pH 8.0 with 5 mM CaCl 2 . Some samples were found to have undergone spontaneous cleavage upon storage for 2 months at 4°C. The cleaved samples were separated on sucrose gradients as described above and analyzed by SDS-PAGE, EM, MS, and N-terminal sequencing.
Protein sequencing
For N-terminal sequencing, the trypsin-treated material was separated on a 12% SDS-PAGE gel, transferred to a polyvinylidene difluoride membrane, and stained with Coomassie brilliant blue. Protein sequencing by Edman degradation was done on an Applied Biosystems 494 protein sequencing system at the Department of Biological Sciences, The National University of Singapore.
Mass spectrometry
The trypsin-cleaved material was diluted directly into 0.1% formic acid to a final concentration of 0.5 g/l. A total of 5 g of protein was loaded onto a C4 trap and eluted with a steep gradient from 10 to 100% acetonitrile. The eluate was passed directly from the trap into a Micromass LCT electrospray ionization mass spectrometer with a timeof-flight mass detector operated in positive-ion mode.
Electron microscopy
Particle samples for negative stain were placed on glow discharged carbon film, stained with 1% uranyl acetate, and observed in a JEOL JEM-1010 electron microscope operating at 100 kV, using a magnification of ϫ50,000. To remove salt and sucrose prior to observation, the sample was washed on the grid with three drops of procapsid buffer before application of the stain.
Cryomicroscopy was carried out as described before (Wang et al., 2000; Adrian et al., 1984; Dubochet et al., 1988) The samples were pelleted in a Beckman Airfuge, resuspended in 10 mM Tris pH 8.0, 15 mM MgCl 2 , placed on Quantifoil copper grids, vitrified by plunging in ethane, and observed in an FEI Tecnai F20 field emission gun electron microscope operated at 200 kV, equipped with a Gatan cryo-specimen holder. The images were collected on Kodak SO-163 film at a magnification of ϫ50,000.
Three-dimensional reconstruction
The cryomicrographs were scanned on a FAG Hi-scan rotating drum scanner (Dunvegan, Geneva) in 16-bit gray scale mode at a raster step of 1000 dpi or 25.4 m, corresponding to 5.08 Å in the specimen. A linear stretch of the gray values was applied using Adobe Photoshop before conversion to 8-bit gray scale.
Particles of expanded appearance were selected for reconstruction from 30 micrographs using BOXER from the EMAN package (Ludtke et al., 1999) . By closer inspection, several particles were found to have an irregular appearance and were discarded, resulting in a final set of 316 particles that were used for reconstruction.
Initially, a reconstruction was generated from 156 particles using EMAN essentially as described previously, using a starting model generated only from symmetry consider-ations (Ludtke et al., 1999 (Ludtke et al., , 2001 ). Subsequently, the common-lines-based MRC/ICOS programs were used Fuller et al., 1996) . Preliminary orientations were generated for 50 of the best particles using the program EMICOFV, and a map was calculated to 35 Å resolution. This map was used as a starting model for orientation determination using the polar Fourier transform programs . The new orientations were used to make a new map, which was again passed as a starting model to PFT, and more particles were included in the reconstruction. The final map was calculated to 24 Å resolution from 247 particles with PFT correlations better than 0.4. Full icosahedral symmetry was applied to the maps in real space between each step. A resolution estimate was obtained by splitting the data set in two parts, reconstructing separately to 24 Å resolution, and calculating the Fourier shell correlation as a function of resolution. A simple interface called MICOS was used to set up scripts and organize particle lists.
